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Abstract 
We have performed scanning gate microscopy (SGM) on graphene field effect transistors 
(GFET), using a biased metallic nanowire coated with a dielectric layer as a contact mode 
tip and local top gate. Electrical transport through graphene at various back gate voltages 
is monitored as a function of tip voltage and tip position. Near the Dirac point, the 
dependence of graphene resistance on tip voltage shows a significant variation with tip 
position. SGM imaging reveals mesoscopic domains of electron-doped and hole-doped 
regions.  Our measurements indicate a substantial spatial fluctuation (on the order of 
1012/cm2) in the carrier density in graphene due to extrinsic local doping. Important 
sources for such doping found in our samples include metal contacts, edges of graphene, 
structural defects, and resist residues.  
 
 
The past few years have witnessed intensive research on graphene (2D carbon), a single 
layer graphite with unique electronic properties1-3 and exciting promise for applications 
ranging from nanoelectronics to sensors. As a zero-gap semiconductor (semimetal), 
graphene’s conduction and valence bands touch at the charge-neutral Dirac point (DP) 
with relativistic linear energy-momentum dispersion1. Intrinsically charge neutral, 
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graphene can be easily doped electrically or chemically3-6. For example, in a typical 
graphene field effect transistor (GFET), a voltage applied to a gate (capacitively coupled 
to graphene) can tune the charge carriers (effectively tuning the Fermi energy relatively 
to DP) from p-type (holes) to n-type (electrons), with the graphene resistance peaking at 
the charge neutral DP1,3. Such an ambipolar electric field effect, which can exhibit high 
mobility even at room temperature, underlies the operation of most graphene devices. 
The finite minimum conductivity (which varies from sample to sample and shows 
discrepancies with earlier theories1) experimentally observed in graphene at DP has been 
a subject of much discussion. It is now understood that the values of minimum 
conductivity measured in realistic samples are largely related to charge inhomogeneity7,8  
in graphene, where the local charge density remains finite in the form of electron and 
hole puddles even while the average charge carrier density is zero at the (global) charge 
neutral DP. Various sources, such as topographic corrugations (e.g. ripples of graphene)9, 
charged impurities10,11, adsorbed molecules5, surface contaminants12, and metal 
contacts6,13 have been suggested that could cause local doping and thus inhomogeneous 
charge density in graphene. The length scales of the resulting charge puddles and doping 
domains can range from nanometers (e.g. in the case of charged impurities11 ) to microns 
(e.g. in the case of metal contact13).  
 
While several transport experiments have explored signatures of inhomogeneous charge 
density and doping in graphene14-16, scanning probe microscopy (SPM) measurements 
provide the most direct probe of local electronic properties. Martin et. al. demonstrated 
the formation of sub-micron (resolution limited) electron and hole charge puddles near 
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DP in graphene using scanning single-electron transistor (SET) microscopy, and inferred 
the intrinsic size of the puddles to be ~30nm from measurements in the quantum Hall 
regime8.  High-resolution scanning tunneling microscopy (STM) experiments have 
directly imaged charge puddles of ~10nm in size and suggested they originate from 
individual charged impurities underneath graphene11,17. Scanning photocurrent 
microscopy (SPCM) revealed modulations in the electrical potential across the graphene 
(particularly near electrodes) and gave evidence for metal-induced doping18,19, although 
alternative interpretations of SPCM data in terms of photo thermal electric effects (PTE) 
have also been suggested20.  
 
In this paper, we report our study using atomic force microscope (AFM) based scanning 
gate microscopy (SGM) to probe the local electronic properties and charge 
inhomogeneity in graphene (exfoliated and supported on SiO2). In SGM21-29, a charged 
tip is used as a movable local top gate to modulate the carrier density underneath the tip 
in a device, whose resistance (or conductance) is measured. Scanning the tip (top gate) 
over the device generates a map showing how the electrical resistance (or conductance) 
through the device depends on the tip-induced local density modulation (local potential) 
at various locations. SGM has been previously applied to study the local electronic 
properties and defects in semiconductor nanostructures21-24, nanowires25 and carbon 
nanotubes (CNT)26-29.  Similar techniques have recently been applied to graphene to 
study effects of local scattering potential on the quantum interference of carriers30 and 
effects of current annealing on electronic uniformity31. Previous SGM measurements are 
typically performed in the “lift mode”, where a biased conductive AFM tip is kept at a 
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constant height (with possibly a small modulation32) above the device surface and the 
corresponding sample conductance response is measured. Sensitivity, spatial resolution 
(nonlocal effects of the tip), tip drift over time and measurement synchronization are 
some of the common challenges in the use of this technique22,32. In our work, we used an 
alternative method to perform SGM based on contact-mode AFM with a dielectric-coated 
metallic nanowire as the tip (Figure 1a-c). This scheme simplifies the SGM 
measurements with a number of technical advantages to be discussed below. Employing 
such a contact-mode SGM, we have obtained clear images demonstrating electronic 
inhomogeneity in graphene, particularly charge puddles formed near the DP. 
 
The experimental setup of our contact-mode SGM is schematically shown in Figure 1a. 
One electrode (“drain”) of the graphene device was grounded and DC bias voltages were 
applied to the tip (local top gate) and/or substrate (back gate).  The graphene resistance (R) 
was measured at the room temperature (300K) and by passing a small source-drain 
current (Ids=1 µA) while measuring the voltage drop (Vds) cross the sample. We have 
performed 2-terminal, 3-terminal and 4-terminal measurements on various devices 
yielding qualitatively similar results for the purpose of this work. Vds can be fed into the 
AFM controller while scanning the tip to produce SGM images. Each SGM image has 
512 lines, and each line (scanned at a rate of 0.68Hz) contains 512 sample points. 
 
Contact mode AFM cantilever probes (spring constant 0.1 N/m) with metallic Ag2Ga 
nanowires (NWs) of high aspect ratio (50:1) at the end (HARNP-C20, NaugaNeedles, 
KY) were used for this study (Figure 1b&c). The flexible tip has a gentler contact with 
the surface that prevents scratching the graphene. The high aspect ratio and cylindrical 
5 
structure of the NW reduce the parasitic capacitance between the tip (top gate) and the 
sample.  The Ag2Ga NW is grown by immersion of the AFM tip (coated by a silver film, 
thickness 50-100 nm) in a small Ga droplet followed by slow extraction of the cantilever 
from the droplet33,34. NWs used in this work have typical diameter in the range of 50-100 
nm and length of 1-5 µm. For the top gate dielectric, we used parylene-N (typical 
thickness in the range of 50-100nm, deposited in a thermal chemical vapor deposition 
system) conformally coated on the AFM tip with NW (Figure 1c). The uniform parylene 
coating facilitates a well-controlled dielectric thickness for the contact-mode scanning top 
gate that is also less susceptible to tip drift than conventional lift-mode SGM.  
 
The monolayer graphene samples used in our experiments were fabricated by mechanical 
exfoliation3 of highly ordered pyrolytic graphite (HOPG) on 300nm (thermally grown) 
SiO2 on p-type doped Si substrate (back gate). The samples are fabricated into graphene 
field effect transistor (GFET) devices using e-beam lithography with evaporated Ti-Au 
(5nm-45nm) contact electrodes. Monolayer graphene is selected by optical microscopy 
and confirmed by Raman spectroscopy35, and further verified by quantum Hall 
measurements36,37 in selected devices. The mobility of our typical GFET devices is 
measured to be ~3000 cm2/Vs.  
 
Standard back-gated field effect measurements typically show a positive Dirac point (DP) 
in our graphene devices (Figure 1f), indicating extrinsic hole doping. Common sources 
for such doping include moisture from ambient environment and residues (eg. PMMA 
resist) from device fabrication processes.  We have used regular contact-mode AFM to 
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sweep away the dust and residues on the graphene surface and found that such AFM 
cleaning can reduce the extrinsic hole-doping (down-shift the Dirac point voltage), as 
demonstrated in Figure 1(d-f) for a device with a particularly high degree of residue 
coverage.  Such cleaning is routinely performed for a more stable device response in 
subsequent contact-mode SGM. Topography of the graphene can be measured 
simultaneously during the contact-mode SGM, although regular tapping mode AFM is 
also performed to obtain topography images with slightly better quality.  
 
The main results of this paper (scanning gate measurements) are presented in Figures 2-4. 
Multiple devices have been studied with qualitatively similar findings and representative 
data from 3 devices (“A”,”B” and “C”) will be presented below.  We first show the effect 
of local top gate (AFM tip) voltage on graphene resistance. The AFM image (tapping 
mode) of the device (sample A) used for this measurement is shown in Figure 2a. The 
graphene resistance (R) is measured between contacts 1 and 2. Figure 2b shows the 
“global” field effect by sweeping the back gate voltage (Vbg), which controls the global 
average charge carrier density ( n ) in graphene.  The global Dirac point voltage (VDP) is 
8.5V for this device. Figure 2c, d & e show R measured as a function of top gate voltage 
(Vtg, swept from -20 to 20V) applied to the AFM tip for two different tip locations 
(marked in Figure 2a as L1 and L2) and at fixed back gate voltages of (c) Vbg=0V, (d) 
Vbg=8.5V and (e) Vbg=20V, respectively. In Figure 2c (Vbg < VDP), the graphene is 
heavily p-type (with n ~ +61011cm-2, estimated from the global field effect38 shown in 
Figure 2b) and R increases with increasing Vtg (within the range measured) for both tip 
locations. The opposite behavior is seen in Figure 2e (Vbg > VDP), where the graphene is 
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heavily n-type ( n ~ 81011cm-2) and R decreases with increasing Vtg (within the 
measurement range).  In Figure 2d (Vbg = VDP), where the graphene is at its global charge 
neutral DP ( n ~0), the R-Vtg curve is generally non-monotomic within the range of 
measurement and displays a peak, which we call the “local” Dirac point (LDP).  
Furthermore, the R-Vtg dependence is found to be highly dependent on the tip locations. 
For example, for location L1, the LDP occurs at Vtg ~ +3V, while for location L2 the 
LDP occurs for Vtg ~ -6V. Such spatial variation of LDP is a result of charge 
inhomogeneity in the graphene sample, as will be further addressed in the following.  As 
a consistency check to confirm the gating effect of the biased tip, we have retracted the 
tip far away from the graphene surface and observed R becoming insensitive to the 
voltage and position of the tip.  
 
Figure 3 presents the results of SGM imaging on a GFET (sample “B”, with a global 
VDP~9V) measured at a constant Vtg (20V) at various Vbg. The AFM tapping mode image 
of this device is shown in Figure 3a. The parylene coating on the AFM tip has a thickness 
of 100 nm in this measurement. Figure 3b, c & d display the SGM image (resistance of 
GFET as a function of tip position) for Vbg=5V, 9V and 12V respectively.  In Figure 3b, 
where Vbg= 5V (<VDP), placing the tip on the p-type graphene is seen to increase its 
resistance R (by as much as nearly 1 k compared to the background value when the tip 
is far away from graphene), with the graphene appearing blue (indicating higher 
resistance than background) in the SGM image.  This is due to the local reduction of 
carriers (holes) density in graphene under the positively biased tip. The opposite behavior 
is observed in Figure 3d, where Vbg= 12V (>VDP) and placing the tip on the n-type 
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graphene decreases R and makes it appear red (indicating lower resistance than 
background) in the SGM image. This is due to the local enhancement of carrier (electron) 
density in graphene under the positively biased tip. However, in Figure 3c,  where  
Vbg=9V (close to VDP) and the graphene is in its global “charge-neutral” ( n ~0) state, 
the “polarity” of the resistance response of graphene to the tip becomes spatially non-
uniform (R can be either increased or decreased depending on the locations of the tip on 
graphene). In the SGM image, this is manifested as the graphene appearing to break into 
several  “islands” with very different colors. These “islands”, irregularly shaped and with 
length scales ranging from ~0.5-2m, will be interpreted as resulting from electron or 
hole “charge puddles” formed in the graphene near its global “charge-neutral” DP due to 
inhomogeneous extrinsic doping. 
 
We have also studied how the SGM image showing the “puddles” develops with Vtg 
while fixing Vbg ~ VDP. The results measured for Sample “C” are presented in Figure 4. 
The contact mode AFM image (acquired simultaneously with the SGM images) of this 
device is shown in Figure 4a. In this experiment, Vbg is fixed at 14V, which is the 
measured global VDP for this device. The parylene coating on the SGM tip used has a 
thickness of 50nm. Figure 4b-g displays SGM images taken with Vtg varying from 3V to 
-2V (in 1V step), plotted with the same color scale and resistance span (from 6.45 k to 
6.75 k). The “puddle” pattern, qualitatively similar to that observed in Figure 3c and in 
all other samples we measured near the DP, is again observed in Figure 4b (with a 
positive Vtg= 3V). The pattern (and the magnitude of the spatial variation of resistance 
response to tip location) is seen to subdue (Figure 4c-e) as the tip voltage is reduced and 
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almost disappears at Vtg=0V (Figure 4e)39. The “puddle” pattern in the SGM images is 
seen to re-appear for negative Vtg (Figure 4f-g), but with reversed “polarity” (switching 
the blue and red regions, or enhanced-R or depressed-R regions) from positive Vtg. 
 
It is known that, due to various sources of disorder and extrinsic doping, the carrier 
density in a realistic graphene sample and GFET device is spatially inhomogeneous. A 
biased SGM tip (top gate) can capacitively induce or deplete charge carriers in graphene.  
The main features of our observations can be understood simply by considering how the 
electronic transport of graphene with an inhomogeneous carrier density can be affected 
by local modulation of charge carriers due to the tip. We have used finite-element 
analysis (COMSOL) to simulate the electrostatic potential (V) generated by the biased 
contact-mode SGM tip. The result for a representative tip with NW diameter of 100nm, 
parylene thickness of 100nm and Vtg of 1V is shown in Figure 5a. In our model, the tip is 
assumed to have radial symmetry with a “round” end (Figure 5a), a good approximation 
to the shape shown in the SEM image (Figure 1c).  The graphene is modeled as an 
electrically grounded plane40 touching the tip (parylene) at the end point. We have 
simulated the effect of small variations of the tip geometry and tip-graphene contact area 
and found the results do not qualitatively change our conclusions. The biased tip would 
deplete charge carriers (or induced charges with opposite polarity) in graphene 
underneath. The induced surface charge density, calculated from 



0yy
V (change of 
electric field normal to graphene), for the tip shown in Figure 5a is plotted (as a function 
of the radial distance in the graphene plane) in Figure 5b. The locally induced charge 
density decays away from the tip contact point with a characteristic length scale (full 
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width at half maximum, FWHM) of ~130nm. Figure 5c schematically depicts a spatially-
fluctuating carrier density n(x) (thin solid blue line, excluding the tip-induced charges) 
and how a charged SGM tip may change the carrier density at various locations (thin 
dashed red line. The picture is drawn for a tip with Vtg<0 (the situation is simply reversed 
for Vtg>0). When graphene is globally p-type (Vbg<<VDP and n(x) >>0, with the thick 
dashed black line representing the zero carrier density level), a tip with Vtg<0 would 
decrease the graphene resistance (R) by adding charge carriers (holes) to the sample, 
whereas a tip with moderate41 Vtg>0 would increase R by depleting charge carriers. This 
is consistent with our observations in Figure 2c and 3b. The reverse is true when 
graphene is n-type (Vbg>>VDP and n(x) << 0, marked by the thick dot-dashed black line), 
consistent with our observations in Figure 2e and 3d. When graphene is near its (global) 
“charge-neutral” state (Vbg ~VDP), the average carrier density <n> ~0 (marked by the 
thick solid black line42). Because of the spatial fluctuation in n(x), some regions of the 
sample have n(x) >0 (hole puddles) and some others have n(x) <0 (electron puddles). 
Now the response of R would depend on the tip location. As displayed in Figure 5c, a tip 
with moderate Vtg<0 would decrease R when placed above a hole puddle (e.g. location 
“1”) and increase R when placed above an electron puddle (e.g. location “3”), with 
reversed behavior for a tip with moderate Vtg>0. This allows us to identify the “red-
shifted” (lower R) regions in graphene as electron puddles and “blue-shifted” (higher R) 
regions as hole puddles in SGM images taken with positively biased tips (e.g. Figure 3c, 
4b, c), and reversely for SGM image taken with negatively biased tips (Figure 4f, g).  
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Applying this analysis to Figure 2d, we may associate location L1 with a hole puddle and 
L2 with an electron puddle from the respective response of R at small Vtg. The LDP 
(maximum R at finite Vtg) is understood because a tip that depletes local carriers at 
moderate bias could induce opposite-type carriers (e.g. location “2” depicted in Figure 5c) 
in graphene and lower R with further increased tip bias. Therefore, the value of Vtg at 
LDP (together with the calculated tip-induced charge density, Figure 5b) can be used to 
give an estimate for the local carrier density n(x):  ~ +51011 cm-2 for L1 and ~ 11012 
cm-2 for L2.  The variation (Vbg-independent) of carrier density between the locations, 
~1.51012 cm-2, corresponding to a variation of local DP or Fermi energy (EF= nvF  ) 
~80 meV (taking the Fermi velocity43 in graphene F ~1106 m/s), is comparable with the 
values obtained in other experimental11,17 (low T) and theoretical works44.  
 
The length scale (~200nm-2µm) of the charge puddles we observe in the SGM images 
taken in our samples at the DP is comparable with the puddle sizes observed in SET8 and 
SPC18,19 measurements, but much larger than those (~10-20nm) observed in STM 
measurements11,17. This reflects both the resolution limit (~100-200nm) of our tips 
(similar to those in SPC and SET experiments) and the multiple length scales associated 
with the charge fluctuations in real graphene samples, as discussed below.  
 
Charge density inhomogeneity (which leads to the formation of electron/hole puddles 
near DP) in graphene has been actively studied due to its importance for the electronic 
properties of graphene and the device performance. Various sources have been proposed 
to cause extrinsic doping resulting in charge inhomogeneity. Such sources include 
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charged impurities near graphene11,17, adsorbed molecules5, surface contaminants (e.g. 
resist residues)12, structural disorder in graphene (e.g. ripples9) and metal contacts6,13.  
Our SGM data reveal electron puddles near the contact electrodes (e.g. Figure 3c, Figure 
4c) in our samples. This indicates that the substantial amount of Ti used in our contact 
causes n-type doping in graphene, consistent with earlier works6,18. The size of the 
contact-induced doping regions can reach micron scale (therefore not tip-resolution-
limited), consistent with theoretical predictions13 and SPCM and SGM 
measurements18,19,31. We also have often observed hole-puddles near edges of graphene 
(eg. Figure 4c, indicated by arrows, the extent to which they are observable varies from 
sample to sample). This suggests that edges, which are chemically more active than the 
bulk of graphene, tend to hole-dope the graphene, possibly due to the environmental 
molecules (eg. H2O) bonded or adsorbed on the edge. In a different measurement 
involving sample C, we have also observed a hole-puddle formed around a scratch made 
in the graphene (Supplemental Figure S1). The observed width of such edge-induced 
puddles is comparable with the tip size, and is likely resolution limited. Our experiment is 
relatively insensitive to charge puddles of length scale <100nm, such as those associated 
with isolated impurities underneath graphene11. Furthermore, within the resolution of our 
experiment, we have not detected any correlation between the topography (height 
fluctuations, measured by regular AFM imaging) of a sample with the “charge puddle” 
pattern imaged by SGM near the DP, similar to the findings from STM experiments11,17.   
 
While extensively applied to 1D or quasi-1D samples, SGM for 2D conducting thin films 
is usually challenging21-29,32,45  as the charges added or subtracted (by the SGM tip) from 
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a small fraction of the sample area typically has only very weak effect on the global 
resistance of the whole sample. The situation for graphene is much better because of the 
significantly reduced density of states and charge screening5,43,46. For the SGM tip shown 
in Figure 5a,b, the total amount of the charges induced/depleted in graphene is calculated 
to be ~150 e (for Vtg=1V).  From the typical measured top gate local field effect (e.g. 
Figure 2b), we estimate a charge sensitivity of our GFET device (even with its moderate 
mobility) can reach ~30-50 m/e.  This demonstrates the excellent potential of GFET as 
room temperature charge sensors.   
 
The transport mean free path l extracted from the carrier mobility is below ~50nm in our 
samples, shorter than both the SGM tip size (~100nm) and the device size (several µm). 
Therefore our measurements are performed in the diffusive transport regime. The 
observation that at the (global) DP, the resistance of graphene can be further increased by 
the SGM tip bias (eg. Figure 2d, Figure 3, Figure 4) demonstrates that the “minimal 
conductivity” measured in our graphene device at the DP is not universal43, but 
dependent on the charge inhomogeneity in graphene, as has been pointed out 
previously7,8,16.  SGM provides a simple and reversible way to modify such charge 
inhomogeneity and study its effect on electronic transport in graphene.   
 
As an AFM-based technique, SGM has a number of advantages in probing local 
electronic properties of nanoelectronic devices. It can not only probe but also manipulate 
the local charge or potential profile and study the influence on the electronic transport 
through the operating device.  SGM can be performed at a wide range of temperature, 
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pressure and various ambient environments, and allows large area scan. It does not heat 
the sample as in SPCM20 and does not have as stringent requirements on substrates as in 
STM. Our contact-mode technique presented here allows both topography and SGM 
images simultaneously obtained in one measurement. The high-aspect-ratio nanowire tip 
we employed reduces the parasitic capacitance between the conventional AFM tips with 
the sample, and can give improved spatial resolution. Further technical improvements 
may include using thinner nanowires or carbon nanotubes47 as tips to further improve the 
spatial resolution, using tip voltage modulation and lock-in detection to improve the 
sensitivity, and performing SGM at low temperatures (where the carrier phase coherence 
length becomes large48) to study quantum transport23,30 in graphene.  
 
In conclusion, realistic graphene devices are subject to various extrinsic sources that 
locally dope the graphene, resulting in a spatially inhomogeneous charge density and 
formation of electron and hole puddles of various length scales at the global charge-
neutral Dirac point. We have performed a contact-mode scanning gate microscopy on 
graphene and shown that metal contacts, graphene edges, and resist residues can be 
important sources of extrinsic doping. Our measurements can complement other forms of 
scanning probe microscopies to reveal the multiple origins of charge inhomogeneity in 
graphene and how such inhomogeneity can affect the electronic transport of graphene 
devices.  
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Figure 1.  (a) Schematic of the experimental set up for contact mode scanning gate 
microscopy (SGM) on graphene. (b) SEM image of a custom-made contact mode SGM 
tip. (c) Magnified view of the end of the tip, showing a conductive Ag2Ga nanowire 
surrounded by parylene (dielectric) coating. (d) AFM image (tapping mode) of a 
graphene covered by residues from the device fabrication process. (e) Image of the same 
device in (d) after “nano-broom” cleaning by contact mode AFM. (f) The field effect 
(resistance vs. back gate voltage) of the GFET device before (d) and after (e) AFM 
cleaning. 
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Figure 2. Global and local field effect (sample “A”). (a) AFM image (tapping mode) of 
the device. The graphene resistance (R) is measured between contact electrodes “1” and 
“2”. (b) The “global” field effect: R as a function of global back gate voltage (Vbg). The 
“global” Dirac point (DP) occurs at VDP ~8.5 V. (c-e) Local field effect: R as a function 
of local top gate voltage (Vtg, applied to the SGM tip) measured at 3 different back gate 
voltages: (c) 0V (Vbg<VDP), (d) 8.5 V (Vbg=VDP ) and (e) 20V (Vbg>VDP) . Data measured 
at two different tip locations (L1 and L2, marked in (a)) are shown in each panel (c-e). 
The thickness of the parylene coating on the AFM tip used is 100 nm. 
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Figure 3. SGM at different back gate voltages (sample “B”). (a) AFM image (tapping 
mode) of the device. The graphene resistance (R) was measured between the contact 
electrodes 1 and 2 (the other electrodes shown are for a different experiment and kept 
floating in the SGM measurment). (b-d) SGM image of the GFET measured at 3 different 
back gate voltages: (b) 5V (Vbg<VDP), (c) 9V (Vbg=VDP), and (d) 12V (Vbg>VDP). SGM 
imaging in (b-d) was performed at a fixed tip voltage (Vtg=20V) and over the same 
sample area shown in (a). The thickness of the parylene coating on the tip used is 100 nm. 
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Figure 4. SGM at the global Dirac point at different top gate voltages (sample “C”). (a) 
AFM image (contact mode) of the device. The global Dirac point VDP = 14V. (b-g) SGM 
over the same area shown in (a) taken at the DP (Vbg=VDP=14V) with different tip 
voltages (Vtg = 3, 2, 1, 0, -1, -2 V respectively). The same color scale (spanning ~0.3KΩ) 
is used for all SGM images.  The white arrows in (b) mark two stripe-shaped “hole” 
puddles observed near and parallel to the edges of this graphene sample.  The thickness 
of the parylene coating on the tip used is 50 nm.  
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Figure 5. (a) Calculated electric potential of a representative nanowire-based SGM tip 
(with bias Vtg=1V) in contact with grounded graphene (indicated by arrow). The 
thickness of parylene coating separating the NW and graphene is 100 nm. The geometry 
is assumed to be radially (x) symmetric and the profile shown is a 2D cross section 
through the central axis (x=0) of the NW. (b) Calculated profile of charge density 
induced by the tip as shown in (a). (c) A schematic example of spatially inhomogeneous 
charge density n(x) (thin blue solid line) and the change (thin red dashed line) due to a 
negatively biased SGM tip at 3 representative locations (labeled 1, 2 and 3). The thick 
black solid line, dot-dashed line and dashed line indicate the zero charge density level for 
three situations: charge neutral ( 0~n , with Vbg~VD), n-type ( 0n , with Vbg>VD), 
and p-type ( 0n , with Vbg<VD) doping, respectively.  
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Figure S1. (a) AFM image (contact mode) of sample C (main text figure 4) after a scratch 
(indicated by arrow) was made by the AFM tip. (b) SGM image of the scratched sample 
biased near its global Dirac point. A hole-puddle was observed around the scratch 
(arrow). Vtg=5V was used in this measurement.  
 
 
 
